INTRODUCTION
In the Sloshel project, breaking waves impacting real containment systems of membrane LNG carriers (sec Figure 1) were studied in flume tanks. The test media were water and air in ambient conditions. This work is relevant to the sloshing impacts within membrane LNG tanks because most physical phenomena involved during Sloshcl impacts are the same as during sloshing impacts in real LNG tanks. Examples of such phenomena arc gas compressibility effects, hydroProceedings of the ASME 2011 30th International Conference on Ocean, Offshore and Arctic Engineering 
FULL AND LARGE SCALE WAVE IMPACT TESTS FOR A BETTER UNDERSTANDING OF SLOSHING -RESULTS OF THE SLOSHEL PROJECT
The reader is referred to Kaminskí and Bogacrt (2010a , 2010b , 2011 for description of the Sloshel project, its background and other details about instrumentation, test set-ups, test programs and first conclusions.
Three test campaigns were carried out: a Large Scale -LS (1:6) test campaign on flat and MarkilI-corrugated wall, and two Full Scale -FS (1:1) test campaigns with fully instrumented samples of respectively the N096 and the Marklll membrane containment systems. The main goals of the LS campaign were getting insight into sloshing physics and repeatability of the wave impact conditions, and collecting data for investigation of scaling effects and influence of MarkIll corrugations. The main goal of FS tests was to collect simultaneously data related to hydrodynamic loads on and structural response of the containment systems.
Through these three campaigns, the Sloshel project has gathered a huge amount of verified, well-structured and documented data which is being analysed in several levels of detail by different researchers. Its objectives were to reduce uncertainties associated with present sloshing assessment methods. These uncertainties are related, among others, to the high stoehasticity of pressure measurements, sealing biases when performing sloshing model tests with Froude-scaled excitations, hydro-strueture interactions, influence of corrugations.
In Table I different research programs related to sloshing studies arc recalled and ranked with regards to their scale. They concern both sloshing model tests or more academic tests like drop-tests or impact tests in flume tanks.
Sloshing tests cover the lower range of scales from the Extra Small Scale (XSS) tests (Dicbold, 2010) through the usual Small Scale (SS) tests (Lugni, Broechini and Faltinsen, 2006; Gervaise, de Sèze and Maillard, 2009; Kuo, Campbell, Ding, Hoic, Rinehart, Sandström, Yung, Greer, Danaezko, 2009 ) to the Medium scale addressed in 3D by DNV (Pastoor, Tveitnes, Valsgârd and ScIe, 2004) or even Large scale addressed in 2D by MARIN (Bunnik and Huijsmans, 2007) . So far, these sloshing model tests have always been performed with rigid tanks and do not address the fluid-structure interaction during impacts. Most of the time, they are performed with water together with air or non condensable gases. Sloshing model tests with water and steam have already been performed at Small Scale (see Maillard and Brosset, 2009 ).
Academic tests cover the upper range of scales from the Medium and Large Scale tests in flumes (Kimmoun, Ratouis and Brosset, 2010; Bogaert, Léonard, Brosset, and Kaminski, 20 10) to the FS drop tests (Kim, Noh, Lee, Mravak, de Lauzon, Maguire, Radosavijevic, Kwon and Chung, 2008) or FS impact tests in flumes (Sloshel project). FS tests allow including the real containment systems in the set-up and thus studying the fluid-structure interactions. So far they have been studied with water and air.
DNV has undertaken an important initiative with the instrumentation of a LNG carrier in order to record in-service sloshing pressures and strains in N096 boxes located in two fore upper corners of a tank (Lund-Johansen, østvold, Berthon, Fran, 2011) .
The particularity of the Sloshel project with regards to the in-service measurement project is the large number of sensors (around 300, including: pressure sensors, accelerometers, strain gauges for each campaign), the high sampling frequency of the data acquisition system (50 kHz) and the well defined conditions for every single impact as recorded by many high speed cameras synchronized with the acquisition. Both projects appear as very complementary.
In the next sections the progress made in the analysis of the uncertainties is described. First, the test set-up of the full scale Markill and the large scale tests arc briefly presented. Second, the way in which the wave develops along a wall is described. Three wave parts are identified during impact. i.e. the trough, the crest and the pulsating air pocket. in case of a corrugated wall, these three wave parts interact in addition with the corrugations. The accompanying load:ng on a flat and corrugated wall are described. After that, the scaling of the measured pressures is addressed. The structural response of the containments systems is discussed thereafter. The paper concludes with the influence of the corrugations on the impact loads. Table I . Overview of sloshing tests
WAVE IMPACT TESTS
The full scale Markill tests were carried out in Delta flume which is the same facility as for the full scale N096 tests. The flume was 7 m high and 5 m wide. A transverse test wall was placed 145 in from the piston-type wavemaker. The test wall and the set-up are detailed by Kaminski and Bogaert (2OlOa) . The test wall was completely covered by Markill membrane as shown in Figure 2 . The large corrugations were set vertically. This choice was motivated by the fact that most of the deformed corrugations observed in the lower part of the tanks on board LNG carriers were located on the longitudinal bulkheads. The reinforced version of the Marklll membrane was used. In this version, 2 Copyright © 2011 by ASME The rigid block was 1.2 m wide and I m high. lt was instrumented with pressure sensors, accelerometers and two corrugations sensors. The block was attached to a force plate. Pressure transducers with a sensitive membrane of 1.3 mm in diameter were used. The sensors were placed in larger sensor houses. The pressure transducers and the sensor houses are described by Kaminski and Bogaert (201 Ga) . The corrugations sensors were developed by MARIN. Such a sensor has the shape of a corrugation and is set-up on the wall instead of the real corrugation. lt measures the forces exerted on the corrugation. A vertical and a horizontal corrugation sensors were set-up on the rigid block. They can be easily distinguished on Figure 2 .
The Markill panel was 1.2 m wide and I m high. The panel was assembled from components delivered by a Markill certified manufacturer. The panel was instrumented with pressure sensors on the outside of the cover plate and strain gauges and accelerometers on (1) the inside of the cover plate, (2) the triplex membrane and (3) both sides of the bottom plate. The cabling for the instrumentation of Markill panel was designed in order to minimize the impact of instrumentation on the Markill panel structural behavior. The components were prepared at MARIN. The assembly was donc at Gil' following the same procedure as it would be done at a factory. After the assembly the Marklll panel was glued on the force plate using horizontal mastic ropes running over the whole width and every 10cm in the vertical direction.
In order to measure the dynamic and the permanent foam deformations an optical system based on the stereo image processing of a speckle raster was rigidly fixed at the left side of the Mark!!! panel inside the wall. The speckle pattern and the two high speed cameras observing the pattern are shown in Figure 3 .
The data acquisition for the pressure sensors, strain gauges, accelerometers, load cells was sampling at 50 kHz.
An observation window was installed in a longitudinal flume wall, adjacent to the impacted wall, at the same height as the test panel. The window was 1.5 m high and I m wide and can be clearly seen on the white painted flume wall in Figure 2 . Behind the thick glass of the observation window, three high speed video cameras were installed. These cameras captured the shapes of the waves during impacts. The large scale tests were carried out in the Seheldt flume which was 55 m long, 1.5 m high and I m wide. The flume could be filled up to 1.0 m. The flume walls were transparent. A piston wavemaker was installed at an end of the flume. A rigid test wall was installed at 23.7 m from the piston. The test wall and the whole set-up are detailed by Kaminski and Bogaert (20 lOb) . The test set-up is shown in Figure 4 . The main components were the cover plate, the front plate, the back plate and the supporting frame. Two configurations of the cover plate were tested successively: a flat cover plate and a cover plate with corrugations accurately mimicking the Mark.IIl membrane corrugations at scale 1:6 with the large corrugations set vertically (sec Figure 5) . Two instrumented rigid test blocks were embedded into thc test wall as shown in Figure 5 .
Similar pressure transducers as at full scale were used. Pressure transducers were installed in a sensor house on the wall along two vertical lines and one horizontal line, sec Figure 5 . The data acquisition for the pressure sensors was sampling at 50 kHz.
High speed cameras synchronized with the data acquisition system completed the measurement system. Figure 4 (right) shows the shelters mounted on both sides of the flume near the wall in order to protect both the lighting system and the cameras from the splashes. The shelters assured also a white background for the video recording. 
WAVE-WALL INTERACTION
All breaking waves presented in this paper were generated by a focusing technique without a bathymetry (see Kimmoun et al. (2010) and ). Wave packets were generated by the piston in order to meet at a theoretical focal point, also denoted as the wave breaking location. The way in which the wave develops along the wall changes gradually by gradually changing this wave breaking location. This series of wave shapes can be categorized in three impact types: (I) air pocket, (2) flip-through and (3) slosh impacts.
An air pocket impact occurs when the overturning crest directly hits the wall. Figure 6 shows a characteristic example. High speed recordings are given for the large scale tests on the flat and corrugated wall using the same steering signal. This signal, applied at first during the large scale tests, was Froude scaled to generate the wave shape at full scale, shown in (e). lt is apparent that the wave breaks before the wall. The crest overturns and at the same time the wave trough moves upward along the wall. The closer the wave breaks towards the wall, the more the trough runs-up along the wall. The air pocket is entrapped between the wall, the forward moving wave front, the upward moving trough and the crest. The pocket moves upward while changing shape.
A flip-through impact occurs when the wave crest and wave trough converges towards each other as illustrated in Figure 7 for large and full scale. The wave breaks approximately near the wall. lt is apparent that when the wave crest moves forward, the wave becomes steeper while the trough moves upward along the wall. The crest and trough converges towards each other, characterized by a high acceleration of the trough. At some point during convergence, the crest will break or a vertical jet stemming from the trough will be formed. The jet reaches the anticipated impact zone before the crest.
The flip-through impact is a limit case between an air pocket and a slosh impact, because there is only a small range of wave breaking locations that causes these events. Although, the flip-through impact has therefore similar properties as an air pocket or a slosh impact, it was introduced as a separate impact type to underline the fact that there are impacts whereby the crest and the trough rapidly converge towards each other. step (e) Air pocket impact on a corrugated wall at full scale. Time step equals 37.2ms. The water depth is 3.84m. The wave paddle motion of (a) was Froude sealed, i.e. the amplitude is scaled by X, the time by ?Y2. ? equals 6.14 (3.84/0.625). Categorization of wave impacts based on the impact type is a subject that is well covered in the literature on coastal engineering. Different names are in use for the same impact type. This categorization is well covered because it is an essential step in studying wave impacts. It creates smaller and more manageable databases; it supports the understanding between the wave shape and the imposed loads, etc.
However, despite the fact that each category has a clear distinguishing property (an air pocket is entrapped, high acceleration of the trough (e) Flip-through impact on a corrugated wall at full scale. Time step equals l8.2ms. The water depth is 3.906m. The wave paddle motion of (a) was Froude scaled, i.e. the amplitude is scaled by X, the time by X°2 X equals 5.86 (3.906/0.667).
Figure 7. Flip-through impact at large and full scale and the wave does not break), the boundaries of the categories are not precisely defined, because there is a gradually change in wave shape when gradually changing the wave breaking location. Moreover, each impact type has physical phenomena in common. Taken together, it would be a pity to dwell on the matter whether the names are appropriate, if a specific impact falls in one of the categories or even conclude how pressure measurements for a category need to be scaled.
Starting from this categorization, the wave impacts have been further explored. The aim was to further simplify the wave impacts by focusing on the wave parts that loads the structure and on the involved physical phenomena. This is described in detail in Bogaert, 2011 . A brief summary is given here. First, the relation between the wave part that loads the structure and the imposed loads is discussed. Good understanding of this relation is essential in order (I) to make an adequate interpolation of the measured pressures and (2) to understand the structural response and the hydro-structural interaction related to Slosh impact on a corrugated wall at large scale. Time step equals l5ms. The water depth is 0.625m. The same wave paddle motion was applied as for (a).
(e) Slosh impact on a corrugated wall at full scale. Time step equals 37.2ms. The water depth is 384m. The wave paddle motion of(a) was Froude sealed, i.e. the amplitude is scaled by X, the time by X"2.
X equals 6.14 (3.84/0.625). Figure 8 . Slosh impact at large and full scale this interpolated pressure profile. After that, the physical phenomena involved during these impacts are identified, which forms the basis of the scaling analysis.
The wall can be loaded by three wave parts: (I) the through, (2) the pulsating air pocket and (3) the overturning crest, as can be seen from the wave shapes in Figure 6 to Figure 8 . The size and the velocity of these wave parts and the location where they load the wall depend on the impact types. The smaller the air pocket, the larger the trough velocity and the higher the overturning crest impacts on the wall.
Depending on the impact type, the wave parts load the wall successively, load the wall at the same time, or one wave part is predominant. In the following discussion, the wave parts are addressed one after each other. First, the flat wall is considered. After that the corrugated wall is considered, whereby the wave parts interact in addition with the corrugations. Copyright © 2011 by ASME Trough loading Whcn the wave approaches the wall, the trough moves upward along the wall. The fi-cc surface remains thereby perpendicular to the wall.
The horizontal momentum of the wave is transferred to a vertical momentum. This run-up process is present during each wave impact. The velocity and the acceleration of the trough increase when going from a air pocket to a flip-through impact and decrease again when going from a flip-through to a slosh impact. The run-up process is slowed down when an air pocket is formed. There is an interaction between the pulsating pocket and the trough. In case of a slosh impact, the wall is only loaded by this run-up process. The horizontal momentum of the wave is completely transferred into a vertical momentum.
The velocity and the acceleration of the trough increase when the trough is restricted by the forward moving wave front. The wave front largely reduces the width of the trough in time. The horizontal momentum is transferred to a vertical momentum through a trough that reduces in size, thus increasing the trough velocity. Air pocket and slosh impacts are characterized by unrestricted troughs, whereas flipthrough impacts by restricted troughs. When the trough is restricted, either the crest will eventually break and entrap a small air pocket or a vertical jet stemming from the trough will be formed
The measured pressure profile for a restricted and unrestricted trough on a flat wall are shown in Figure 9 . A restricted trough whereby a jet is stemming from the trough is considered. The unrestricted trough is drawn from the slosh impact in Figure 8a . The pressure time history is given at three vertical locations. The pressure starts to build up when the trough passes by. These time events for successive pressure sensors indicatc the velocity and the acceleration of the trough. The pressure amplitude and the accompanying spatial and time gradient increase as the velocity and the acceleration of the trough increase. These characteristics are significantly higher when the trough is restricted than when unrestricted. The trough loading therefore becomes only significant when the trough is restricted. The trough is however restricted for only a small range of wave breaking locations. downward. This is apparent in the pressure profile. First, the pressure builds up under the corrugation and then at the sensors below.
Pulsating air pocket loading In contrast to the trough loading, the pulsating air pocket loads the wall for a large range of wave breaking locations, i.e. from large to small air pockets. The air pocket is entrapped between the wall, the forward moving wave front and the upward moving trough and crest. The pocket moves upward while changing shape. The pocket becomes more elongated in vertical direction. After the air pocket has been closed, the pressure on the wall starts to oscillate. lt is observed that the pressure signals in the air pocket are the same, shown in Figure 12 .
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Copynght© 2011 byASME Note that the pressure becomes lower than the atmospheric pressure referred as zero pressure on the graphs. The pressure has the signature of a damped oscillation resulting from a pulsating air pocket that moves and elongates in time.
Furthermore, it is apparent that the oscillating pocket does not only affect the pressure sensors located in the pocket, but as well those above and below the pocket. lt is a combination of the fact that the air pocket moves and thereby directly loads additional sensors and the fact that the pressure in the pocket affects the surrounding liquid. A part of the liquid boundary is loaded by the air pocket pressure. This pressure is propagated from this boundary to the rest of the liquid. The pulsating air pocket loading is unaffected by the presence of corrugations. The wall and the corrugations located at the air pocket and around arc loaded by an oscillating pressure profile.
Crest loading An overturning crest loads the wall for a large range of wave breaking locations, i.e. for the same range as for the pulsating air pocket. Three stages can be identified during crest overturning, i.e. (1) approaching, (2) impact and (3) jet formation. An overturning crest on a flat wall at large scale and on a corrugated wall at full scale are presented in Figure 13 and Figure 14 , respectively.
In the first stage, the focus is on how the Crest approaches the wall.
This stage dcfincs the conditions of the second stage, namely the eventual impact. The conditions are among others the location, the shape and the velocity of the crest. When the crest approaches the wall, it curls further while its surface is affected by an air flow. This flow turns the front of the crest into a spray. The common name for this instability is Kclvin-Flelmholtz instability. A different appearance of the spray is present at large and full scale. At large scale, a spray is present with more coherent water films. Due to this spray, the crest surface is no longer two-dimensional. This spray induces large variability of the pressure measurements at the crest level. In addition to this instability, the escape of air will also have an effect on the shape and the velocity of the crest. Copyright © 2011 by ASME Figure 15 . Pressure profile for overturning crest. Two impacts are given. The wave shape of(a) is given in Figure 13 When the crest impacts a corrugated wall it interacts further with the corrugations. The crest either directly hits the corrugation instead of the wall or the jet stemming from the crest impacts on the corrugations. The later can be compared to the interaction between the trough and the corrugations. Similar resulting pressure profiles are observed.
Sum mary
Eventually, there are only a few loading processes for the containment system or for the corrugation induced by the wave-wall interactions. They are listed in Table 2 . Each of these loading sources has its own pressure signature including both a pressure pulse pattern at a given point and travelling characteristics. 
INFLUENCE OF CORRUGATIONS ON IMPACT LOADS
The interaction between the wave parts and the corrugations, as discussed during this paper, induces additional loadings on the wall, in particularly the rcattachment of the trough and the impact of jets on corrugations. These jets stems either from the trough, the crest or the reattached trough. lt can therefore been concluded that pressures measured on a flat wall arc not completely represcntati\c of the loading on the corrugated wall. The question is however if it would be an improvement to perform small scale tests with scaled corrugations Illustration of three stages during crest overturning.
The pressure profile for the crest impact on a flat wall is shown in Figure 15 . lt is apparent that the pressure profile is characterized by a pressure peak which is superimposed to a pressure oscillation coming from the pulsating air pocket. The Crest brings about high time gradients in the pressure profile. Further, a high spatial gradient can be observed which is related to the up-and downward moving jet. The spatial gradient is of such an order that the crest loading could not be completely captured by the grid of pressure sensors. What is measured depends on where the pressure sensors are located with respect to the crest impact.
The pressure profile of Figure 15a is addressed first. The run-up of the jet is clearly observed. The pressure starts to build up when the jet passes by, going from 0.929m to 0.97 Im. The peak amplitude decreases when the jet moves up along the wall. The run-up of the jet (stage 3) is captured, however not the impact of the crest (stage 2). This can be deduced from the superposition of the pressure peak and the air pocket oscillation. When the crest impacts the wall and thus the air pocket closes, the air pocket pressure equals the atmospheric pressure. After that, the pressure Starts to build up in the air pocket. At the moment of crest impact (stage 2), the impact pressure therefore superimposes with an oscillation that is just about to build up. In Figure 15a , the maximum pressure in the air pocket is reached shortly after the pressure peak is obtained at 0.929m. The pressure sensors therefore captured the third stage, but not the second stage. As a consequence, the maximum pressure on the wall is expected to be higher than measured. In case of Figure 1 5b, however, the pressure peak measured at 0.929m superimposes with an oscillation that is about to build up. Therefore, the pressure sensors captured the third stage and probably as well the second stage. lt can be concluded that the overturning crest brings about high spatial and time gradient in the pressure profile. A large number of pressure sensors is required to capture this profile. It is more likely that the third stage during crest overturning is captured in stead of the second. As a consequence, there is an uncertainty of the maximum pressure during crest impact.
Crest -direct crest impact -direct crest impact -jet from crest -jet from crest -jet from crest impacting corrugation (a) Approaching -Time step 3Oms
in the areas of impacts. Small scale tests are related to a scale around to 1:40. Assuming a scale of 1:34, the distance between two successive parallel corrugations (large and small) becomes 10mm. In addition, the height of the large and small corrugations become respectively 1.6mm and 1.1mm. For this size of the corrugation and the accompanying jet at small scale, viscosity and surface tension would be dominant which is not at full scale. This implies that at both scales the jet impact is not governed by the same combination of physical phenomena and therefore the experimental modelling would be wrong. This different influence at both scales of the surface tension is illustrated by the comparison of Figure 13 and Figure 14 .
Even if the interaction between the wave parts and the corrugations were similar at both scales, sloshing model tests with corrugations would not be relevant: it would be feasible after changing the sensor housings, to install a 2 by 2 matrix of Sloshel pressure sensors within one cell. However, this configuration would not make it possible to measure the pressure profile at the locations where the reattachment and the jets induce the highest additional loadings. This pressure profile is characterized by high spatial gradients which is unlikely to be captured by a 2 by 2 matrix, as shown for example Figure I with the same density ratio between gas and liquid as in the LNG tanks, the small scale global flow can be considered as vety similar to the full scale one. lt means that, statistically, the inflow conditions for the sample of impacts obtained at small scale are Froude similar to the real conditions. Unfortunately during each impact some physical phenomena will intervene without being properly scaled. Table 3 proposes a list of these phenomena, very similar to the list proposed by Braeunïg el al. (2009) . Reference is made in the table to a few figures in the present paper where the phenomena can be observed. Table 3 . Physical phenomena involved during wave impacts.
The physical phenomena involved will depend on the wave-wall interaction. For example a trough loading on a flat wall is governed mainly by the local change of momentum which is expected to Froudc-scale, whereas the crest loading is governed by at least escaping of gas, compression of gas and change of momentum.
Moreover, even for the same kind of loading process the weight of each physical phenomenon will be different for two different impacts.
This has been shown by Braeunig et al. (2009) Figure 6 . When the global flows are similar at the two scales, the comparison makes sense only if there is a good repeatability of the pressure measurement at each scale. Unfortunately for the highest range of local pressures measured, most of the time induced by an impinging crest, strong free surface instabilities (Kelvin-Helmholtz) are generated by the gas jet escaping from the building gas pocket just before the impact (see Figure 14) . These instabilities make the flow locally chaotic, which is believed as the main source of stoehasticity for the impact pressures. Moreover these instabilities, likely governed by the surface tension, do not behave in the same way at both scales as it can be seen comparing Figure 13 and Figure 14 . Therefore the direct comparison of impact pressures at the crest level turned out not to be relevant.
A much more stable phenomenon is the oscillations of the entrapped gas pockets during gas pocket impacts. The gas pocket pressures are significantly smaller than the crest impact pressures but they cover a larger area and can lead to high forces on a panel. A first comparison of the gas pocket pressures and oscillation frequencies was carried Out based on geometrically similar sizes of the gas pockets at closure time.
The results derived from the comparison between the large scale tests (X=6) and the full scale N096 tests were presented in Bogaert el al. (2OlOa) . They clearly showed that both the pressures and the period of oscillations inside the gas pockets scaled in l/X which is different from Froude scaling (l/X for pressure and lhIX for period). In addition this experimental result was in line with the theoretical results from a surrogate model of a piston compressing a gas pocket. lt was also shown that comparing two smaller scales together would have led to different scaling law, which was confirmed by experiments carried out in another facility (see Kimmoun et al.. 2010) .
These experimental and theoretical results confirmed what was shown numerically by Braeunig et al.: Froude scaling could be applied rigorously on the sloshing pressures only if all properties of the liquid and gas at small scale were perfectly scaled with regards to the different physical phenomena involved and in the first place the gas compressibility. A R&D strategy has been defined to study properly these scaling effects related to non-scaled properties, based on three axes: multi-physics impact simulations, development of surrogate models related to each physical phenomenon involved and validation by reliable (repeatable) measurements.
STRUCTURAL RESPONSE
The behaviour of the N096 membrane containment system when subjected to breaking wave impacts was investigated during the first full scale tests campaign (see . Ii was observed that local loads resulting from the crest impact need to be considered in the assessment for the N096 because local loads resulted in local deformations of the cover plate. However, it is not necessarily required that a//local loads need to be considered. The pressure profile should at least be considered over an arca that is effective in terms of the strength. The structural strength increases as the gradients of the pressure profile increase and thc load duration decreases. As a consequence, although the structure might locally deform as a result of Hydro-structural interaction 7
Creation and production of bubbles local loads, the structures has a higher capacity to withstand these loads.
The severest load on the Markill panel was obtained during the impact given in Figure 7 . This impact is described in more detail in Brosset el al (2011) . A maximum pressure of about 30 bar was measured. Thc pressure profile was characterized by high gradients and short load durations. The horizontal corrugations were permanently deformed up to 7mm. The foam and the plywood plates of the containment system
were not permanently deformed. The response of the containment system is given in Figure 16 for two time instants. Use is made of the optical strain measurement data. The post-processing of this data is ongoing because there was some relative movement between the two cameras. The movement of the cameras relative to the specimen is not a problem because the algorithm will filter out any so called rigid body motion. But movement of the cameras relatively to each other will perturb the analysis. In Figure 16 , the data is used up to the moment the cameras start to move.
The trough reattaches in the lower part of the cell in (a). Deformation of the foam around the reattached trough can be observed. In (b) the jet impacts on the corrugation, resulting in displacements of the foam up to 2.8mm near the slit under the corrugation. Although, some loads exceeded the static capacity, the structure did not failed. This suggests that there is an influence of the strain rate on structural streneth.
Numerical simulations can help to further analyse this structural behaviour. The difficulty however lies in the fact the local loads arc hard to capture completely. This has been demonstrated in Figure 15 for the crest loading. There is a difference between the actual and the measured pressure profile. This implies that the calculated response and the measured response arc considering different load fields. The part that is not captured will not affect the calculated response while it has affected the measured response. This does not lead to a sensible comparison between numerical simulations and experiments. An adequate interpolation of the measured pressure is therefore essential. Such interpolation should based on the physical understanding of the relation between the wave parts and the imposed loads. This analysis is ongoing.
S's. 
CONCLUSIONS
The objective of the Sloshel project was to reduce uncertainties associated with present sloshing assessment methods. These uncertainties are related, among others, to the high stochasticity of pressure measurements, the scaling biases when performing sloshing model tests with Froudc-scaled excitations. the hydro-structure interactions and the influence ofthe corrugations.
The Sloshel project gathered a huge amount of verified, wellstructured and documented data by means of wave impact tests in flumes. Breaking waves generated in a flume were impacting real containment systems of membrane LNG carriers. In addition, similar tests at large scale were carried out. Different researchers has been analysing the data in several levels of detail. So far, the project has already helped to identify relevant phenomena, to formulate common starting points of the assessment methodologies, to formulate guidance and it has supported design choices.
The wave-wall interactions during the full and large scale tests have been described in this paper. Three wave parts were identified, i.e. (I) the trough, (2) the pulsating air pocket and (3) the crest. The relation between these wave parts and the imposed loads on the wall has been
shown. The gradient of the pressure profile and the load duration depend on the velocity and acceleration of the trough, the amount of entrapped air and the velocity and the size of the crest. Depending on the impact type, the different wave parts could load the wall successively or at the same time or one part of the wave could be predominant. In case of the corrugated wall, the outline of the pressure profile becomes more complicated. The interaction between the wave parts and the corrugations induces additional loadings. The reattachment of the trough after separation during run-up along the corrugation and the impact ofjcts, stemming either from the trough. the crest or the reattached trough, have the largest influence on the pressure profile.
This detailed analysis helps to understand the relation between the wave parts and the imposed loads. This is essential in order to make an adequate interpolation of the measured pressures based on the expected travelling characteristics of the pressure pulses. This interpolation is necessary (I) to correctly evaluate the measured structural response and (2) to compare the experiments with numerical simulations. Numerical simulations are being used in the analysis to develop an better understanding of the structural response of the containment system. Special attention is paid to the dependency of the structural strength on the spatial and time gradients of the pressure profile given the fact that the MarkIll system has not failed although the local loads have exceed the static capacity.
Furthermore, it is concluded that it would not be an improvement to perform small scale tests with sealed corrugations. Neither the interactions between the wave and the corrugations would be representative of full scale nor would it be possible to measure the pressure profile at the locations where the reattachment and the jets induce the highest loadings.
Thanks to high quality visualizations of the impacts, explanations were proposed for the high stoehasticity related to the impact pressures induced by breaking waves. This could mainly be due to the free surface instabilities generated by jets of escaping gas trying to avoid being entrapped by an overturning crest. This stochasticity makes the direct comparison of the highest pressures at two scales irrelevant. Nevertheless a comparison of the gas pocket pressures was possible and confirmed a gas compressibility bias duc to unsealed properties of 10 the gas. A new R&D strategy is proposed for studying the influence on scaling of all the physieal phenomena involved during impacts that cannot be scaled properly. This strategy is based on multi-physics numerical impact simulations, development of surrogate models for all phenomena and experiments for defining the domain of validity of the models.
